1. Introduction {#s0005}
===============

Pancreatic cancer is one of the most aggressive malignancies in the United States. There is currently no cure for pancreatic cancer as it is hard to detect at early stage, usually not treatable by surgery and radiation, and resistant to chemotherapy drugs. A variety of pharmacological and diet care regimens have been investigated as complementary strategies to improve efficacy of the standard chemotherapy for pancreatic cancer [@bib1], [@bib2], [@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8]. For example, ω-3 fatty acids including eicosapentaenoic acid and docosahexaenoic acid (mainly from marine products) have been tested in order to improve the efficacy and safety of chemotherapy [@bib9], [@bib10]. Although ω-6s are the more abundant fatty acids in our daily diet (in traditional western diets, the ω-6 to ω-3 ratio is between \~ 10:1 and 30:1 [@bib11], [@bib12], [@bib13]), ω-6-based dietary strategies have not received much attention and have been challenging in cancer treatment because deleterious metabolites can be formed from arachidonic acid (AA, a downstream ɷ-6 fatty acid) *via* Cyclooxygenase 2 (COX-2)-catalyzed peroxidation [@bib14], [@bib15], [@bib16].

COX is a bi-functional lipid-peroxidizing enzyme that metabolizes ω-3 and ω-6 fatty acids to produce various lipid-derived molecules, including the pro-cancer metabolite prostaglandin E2 (PGE2) [@bib14], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19]. There are two isoforms of COX: COX-1, the constitutive form, which is expressed in most tissues, and COX-2, the inducible form, which can be readily induced in response to various stimuli including stresses, cytokines, growth factors, and pro-inflammatory signals as well as cancer promoters [@bib20], [@bib21], [@bib22]. High COX-2 expression has been commonly found in a variety of cancers, with over 70% of pancreatic cancer patients having been reported to possess overexpressed COX-2 [@bib23]. A variety of COX-2 inhibitors, aiming to limit PGE2 formation from COX-2-catalyzed AA peroxidation, have been tested as a complementary strategy to enhance the efficacy of front-line chemotherapeutic drugs for pancreatic cancer treatment [@bib24], [@bib25], [@bib26], [@bib27], [@bib28]. However, over the past decades, COX-2 inhibitors have never achieved the desired anti-cancer effects in clinical trials. COX-2 inhibitors not only failed to increase the survival indices of cancer patients, but also suffer from some safety issues in patients, *e.g.,* increased risks of cardiovascular disease and gastrointestinal tract injury [@bib29], [@bib30], [@bib31], [@bib32].

Our lab recently discovered that COX-2-catalyzed DGLA peroxidation can produce the novel anti-cancer byproduct 8-hydroxyoctanoic acid (8-HOA), which can serve as a histone deacetylase inhibitor (HDACi) to inhibit cancer cell growth and metastasis in pancreatic cancer cells, *e.g.*, BxPC-3 [@bib33], [@bib34], [@bib35], [@bib36], [@bib37], [@bib38]. However, the formation of 8-HOA from COX-catalyzed DGLA peroxidation can be limited by delta-5 desaturase (the rate-limiting enzyme to convert DGLA to AA). Thus, we previously used siRNA transfection to knock down D5D in pancreatic cancer cells *in vitro* to promote formation of 8-HOA from COX-2-catalyzed DGLA peroxidation, which in turn suppressed pancreatic cancer cell growth, migration and invasion [@bib36], [@bib37].

In this study, we extend our strategy to *in vivo* studies confirming that D5D knockdown and DGLA supplementation can also promote the formation of 8-HOA to a threshold level in D5D-*KD* tumors, and thus significantly inhibited tumor growth and metastatic potential. In addition, concurrent DGLA supplementation along with D5D-*KD* also significantly improved the efficacy of gemcitabine in suppressing pancreatic cancer growth and metastasis. In conclusion, our new strategy of making use of the hallmark of cancer cells (*i.e*., the commonly overexpressed COX-2) for anti-cancer purpose challenges the conventional concept of COX-2 inhibition in cancer treatment and shifts the paradigm of COX-2 cancer biology.

2. Materials and methods {#s0010}
========================

2.1. Chemicals and reagents {#s0015}
---------------------------

CelLytic™ lysis reagent was obtained from Sigma-Aldrich (MO, USA). DGLA was purchased from Nu-Chek-Prep (MN, USA). Analytic standard solutions of DGLA, AA, PGE2, DGLA-d~6~, AA-d~8~, PGE2-d~9~, and DGLA ethyl ester for animal treatment as well as gemcitabine were purchased from Cayman Chemicals (MI, USA). Pierce ECL western blot substrates were obtained from Thermo Fisher Scientific (MA, USA). X-ray film was purchased from Phoenix Research Products (NC, USA). Primary antibodies for immunofluorescence study (COX-2 (Cat\# ab15191, rabbit polyclonal), D5D (Cat\# ab126706, rabbit monoclonal), MMP-2 (Cat\# ab37150, rabbit polyclonal), E-cadherin (Cat\# ab76055, mouse monoclonal), cleaved PARP (Cat\# ab32064, rabbit monoclonal), and Ki-67 (Cat\# ab15880, rabbit polyclonal)) were acquired from Abcam (MA, USA). All the antibodies are validated in multiple published references; this information can be found in the corresponding product pages. CF633 goat anti-rabbit IgG(H + L) (Cat\# 20122) and CF633 goat anti-mouse IgG(H+L) (Cat\# 20120) were purchased from Biotium (CA, USA). Primary antibodies for western blot (bcl-2) (Cat\# 4223, rabbit monoclonal), procaspase 3 (Cat\# 9662, rabbit polyclonal), procaspase 9 (Cat\# 9502, rabbit polyclonal), acetyl histone H3 (Cat\# 9649, rabbit monoclonal), β-actin (Cat\# 4970, rabbit monoclonal), and horseradish peroxidase-conjugated anti-rabbit IgG (Cat\# 7074) were bought from Cell Signaling (MA, USA). D5D primary antibody (Cat\# SAB2100744, rabbit polyclonal) was obtained from Sigma-Aldrich. γH2AX primary antibody (Cat\# A300-081A, rabbit polyclonal) was purchased from Bethyl Laboratories (TX, USA).

DNA oligos encoding D5D-targeted shRNA with a sequence of TGCTGTAATCATCCA-GGCCAAGTCCAGTTTTGGCCACTGACTGACTGGACTTGCTGGATGATTA (top strand) and CCTGTAATCATCCAGCAAGTCCAGTCAGTCAGTCAGTGGCCAAAACTGGACTTG-GCCTGGATGATTAC (bottom strand) were designed (using BLOCK-IT™ RNAi Designer, [www.invitrogen.com/rnai](http://www.invitrogen.com/rnai){#ir0005}) and obtained from Integrated DNA Technologies (IA, USA). pcDNA™ 6.2-GW/EmGFP-miR vector was purchased from Invitrogen (NY, USA).

2.2. Cancer cell lines {#s0020}
----------------------

The human pancreatic cancer cell line BxPC-3 was grown in RPMI-1640 medium (Thermo Fisher Scientific, UT, USA), supplemented with 10% fetal bovine serum (Thermo Fisher Scientific, UT, USA). Cells were cultured in an incubator containing a 95% humidified atmosphere with 5% CO~2~ at 37 °C.

BxPC-3 cells were transfected with D5D shRNA to create a stable D5D knockdown cell line. The DNA oligos encoding D5D-targeted shRNA were cloned into pcDNA™ 6.2-GW/EmGFP-miR vector and transformed into *E. coli*. The shRNA-expressed vector was extracted and transfected into cells using X-tremeGENE HP DNA Transfection Reagent (Roche). A stable D5D knockdown BxPC-3 cell line was selected using blasticidin, which was later used for assessing cancer cell growth upon different treatments (*e.g.,* DGLA and gemcitabine) and developing tumor xenografts in mice.

2.3. Mouse xenograft tumor model and treatment {#s0025}
----------------------------------------------

A total of 48 four-week old female nude mice (J:Nu, stock number 007850) were purchased from The Jackson Laboratory (Bar Harbor, ME). The mice were housed five per cage in a pathogen-free Innovive IVC system with water and food *ad libitum*. All the animal experiments were approved by the Institutional Animal Care and Use Committees at North Dakota State University. The mice were allowed to acclimatize for one week, then received subcutaneous injections of 2 × 10^6^ *wt*-D5D and D5D-*KD* (shRNA) BxPC-3 cells (suspended in 100 μL serum-free medium) into the hind flank. The mice were fed a standard diet for another two weeks to allow the tumors to grow to a certain size, and further divided into four sub-groups for four-week treatments (6 mice per group): (1) vehicle control; (2) DGLA ethyl ester at a dose of 8 mg/mouse, oral gavage, twice a week; (3) gemcitabine at 30 mg/kg, *i.v.* injection, twice a week; and (4) both DGLA ethyl ester and gemcitabine.

Tumor growth was monitored twice a week by measuring two axes of the tumor (L, longest axis; W, shortest axis) with a digital caliper during the treatment. Tumor volume was calculated as: V = L × W^2^/2. At the endpoint, the mice were euthanized with an overdose of pentobarbital (200 mg/kg, *i.p*.) and the tumor tissues were collected for further analysis.

2.4. Colony formation assay {#s0030}
---------------------------

Cell survival response upon treatment with DGLA, gemcitabine, and their combination was assessed by colony formation assay. Briefly, *wt*-D5D cells and D5D-*KD* cells were seeded at 1000 cells per well into 6-well plates, and then exposed to 48 h of treatment with DGLA, gemcitabine, or their combination. The cells were then washed with PBS and incubated with fresh medium for another 10 days. After incubation, the cells were washed with PBS, fixed with 10% neutral buffered formalin, and stained with 0.05% crystal violet solution. Cell colonies formed in each well were counted using microscopy, and plate efficiency was calculated as number of colonies divided by number of cells seeded. The surviving cell fraction was calculated as the plate efficiency of the treatment group *vs.* the plate efficiency of vehicle control groups.

2.5. Cell apoptosis assay {#s0035}
-------------------------

Cell apoptosis of *wt*-D5D and D5D-*KD* BxPC-3 cells upon treatment with DGLA, gemcitabine, and their combination, was analyzed using the Annexin V Apoptosis Detection Kit I (BD Pharmingen™, NJ, USA) according to the manufacturer\'s instruction. Briefly, 3.0 × 10^5^ *wt*-D5D cells and D5D-*KD* cells were seeded overnight in each well of a 6-well plate and exposed to various treatments. Then the cells were harvested by trypsinization, washed with PBS and re-suspended in 1× binding buffer at a concentration of 1.0 × 10^6^ cells/mL. 100 μL of such a cell suspension was treated with 5.0 μL each of FITC Annexin V and PI solution, gently vortexed, incubated for 15 min at 25 °C in the dark, and finally mixed with 400 μL of 1× binding buffer. The apoptotic cell population was determined on an Accuri C6 flow cytometer within 1 h. 10,000 cell events were counted for each sample. Unstained cells, and the cells stained with FITC Annexin V only and PI only, were used to set up compensation and quadrants. Data was analyzed by FlowJo (TreeStar, Ashland, OR, USA).

2.6. Western blot analysis {#s0040}
--------------------------

Western blot was used to assess the expression of Bcl-2, procaspase-9 and procaspase-3, γH2AX and acetyl histone 3 in BxPC-3 and its D5D-*KD* counterpart upon different treatments *in vitro* as described elsewhere [@bib34], [@bib35], [@bib36], [@bib37], [@bib38]. For their expression *in vivo,* tumor tissues (\~ 50--100 mg) were frozen in liquid nitrogen and crushed to a fine powder, then the protein was extracted using CelLytic™ lysis reagent. The same amount of protein from each sample was then loaded into 10% SDS-PAGE gels. The gels were run at a constant current of 30 mA for 1 h, and proteins were then transferred to nitrocellulose membranes at a constant voltage of 80 V for 2 h on ice. The membranes were incubated with primary antibodies overnight at 4 °C and with horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature with continuous rocking. Then the membranes were incubated in ECL western blot substrates for 2 min, followed by exposure to X-ray film. Luminescent signals were captured on a Mini-Medical Automatic Film Processor (Imageworks).

2.7. Determination of DGLA/AA ratio and \[PGE2\] {#s0045}
------------------------------------------------

The ω-6s accessible to COX-2-catalyzed peroxidation and the formed PGE2 in cells were quantified *via* LC/MS analysis as described elsewhere [@bib33], [@bib34], [@bib35], [@bib36], [@bib37], [@bib38]. For the *in vivo* study, tumor tissues (\~ 50--100 mg) were weighed, frozen in liquid nitrogen, and crushed to a fine powder. The powders were then mixed with water and methanol as well as internal standards (AA-d~8~, DGLA-d~6~, and PGE2-d~9~), 5.0 μL each. The mixtures were vortexed for 1 min and set on ice for 30 min, followed by the same extraction procedures as described in the *in vitro* experiment [@bib33], [@bib34], [@bib35], [@bib36], [@bib37], [@bib38].

The LC/MS system, consisting of an Agilent 1200 series HPLC system and an Agilent 6300 LC/MSD SL ion trap MS, was used to quantify the free ω-6s and PGs in cells and tumor samples [@bib33], [@bib34], [@bib35], [@bib36], [@bib37], [@bib38]. For quantification, an internal standard curve was constructed from a series of mixtures consisting of DGLA, AA, and PGE2 standard solutions at various concentrations, and the internal standards DGLA-d~6~, AA-d~8~, and PGE2-d~9~ at a constant concentration. The concentrations of fatty acids and PGE2 in the samples were calculated using the internal standard curve by comparing the ratios of the peak areas of the analytes to the peak areas of their corresponding internal standards. Note that the final concentrations of each analyte in every tumor sample were normalized to the same unit (µg/g).

2.8. GC/MS analysis of \[8-HOA\] {#s0050}
--------------------------------

8-HOA produced from cells was quantified *via* GC/MS analysis as its derivative of pentafluorobenzyl bromide (PFB-Br) as described elsewhere [@bib35], [@bib36], [@bib37], [@bib38], [@bib39]. In the *in vivo* study, tumor tissues (\~ 50--100 mg) frozen in liquid nitrogen were crushed to a powder and suspended in 1.0 mL water. The suspension was mixed with 500 μL of methanol containing an internal standard (hexanoic acid), 50 μL of 1.0 N HCl, and 3.0 mL of dichloromethane, followed by the same procedures as the *in vitro* experiment.

Cell and tumor sample solutions (2.0 μL) were injected into an Agilent 7890 A gas chromatograph. The GC oven temperature was programmed from 60 to 300 °C at 25 °C/min. The injector and transfer line were kept at 280 °C. Quantitative analysis was performed using a mass selective detector with a source temperature of 230 °C. For quantification, an internal standard curve was constructed from a series of mixtures consisting of 8-HOA at various concentrations, and the internal standard hexanoic acid at a constant concentration. The concentrations of 8-HOA in the samples were calculated using the internal standard curve by comparing the ratios of the peak area of the 8-HOA to the peak area of the internal standard. The final concentrations of 8-HOA quantified in each tumor in the mice were normalized to the same unit (µg/g).

2.9. Immunofluorescence analysis {#s0055}
--------------------------------

Expression of D5D, COX-2, cleaved PARP, Ki-67, MMP-2 and E-cadherin in tumor tissues was analyzed by immunofluorescence at the Advanced Imaging & Microscopy Laboratory, NDSU. Briefly, freshly collected tumor tissues were fixed with 10% formaldehyde and embedded in paraffin blocks. Tissue sections were deparaffinized with xylene, rinsed, and rehydrated through a graded series of alcohol. After antigen retrieval, the tumor sections were incubated with primary antibodies and subsequently with fluorochrome-conjugated secondary antibodies. Cell nuclei were counter-stained with DAPI. The images were acquired with a Zeiss Axio Imager M2 microscope.

Expression levels of D5D, COX-2, MMP-2, and E-cadherin in tumors were quantified *via* mean fluorescence intensities using Image Pro software (Media Cybernetics, Inc. Rockville, MD). The expression levels of cleaved PARP were presented as the percentage of cleaved PARP-positive cells *vs*. the total number of tumor cells. Similarly, the percentage of Ki-67-positive events relative to the total number of events was used for the quantification of the expression level of Ki-67.

2.10. Statistics {#s0060}
----------------

For the *in vitro* studies, data were presented as mean ± standard deviation (SD) from at least three separate experiments. For the *in vivo* study, data were presented as mean ± SD from six tumor samples per treatment group. Statistical differences between the mean values for different groups were evaluated by analysis of variance (ANOVA) and post hoc *t*-test; differences were considered significant with a p-value \< 0.05.

3. Results {#s0065}
==========

3.1. Inhibition of pancreatic cancer cell growth by promoted 8-HOA formation from DGLA {#s0070}
--------------------------------------------------------------------------------------

BxPC-3 is a human pancreatic carcinoma cell line with high COX-2 expression, thus is commonly used for COX-2 related cancer research [@bib36], [@bib37], [@bib40]. We have previously reported that our novel anti-cancer concept (*i.e.*, considering high COX-2 to be a benefit for cancer cell killing, and the strategy of siRNA-D5D along with DGLA treatment) can successfully inhibit BxPC-3 cell growth, migration and invasion [@bib36], [@bib37]. In this study, we created stable D5D-knockdown BxPC-3 (D5D-*KD* cells) *via* shRNA-transfection with a \~ 70% inhibited D5D expression compared to D5D-wild type BxPC-3 (*wt*-D5D cells, [Fig. 1](#f0005){ref-type="fig"}**A**). Consistent with our previous reports [@bib36], [@bib37], 48 h treatment with 100 µM DGLA significantly increased the ratio of DGLA/AA in D5D*-KD* cells, as D5D controls the rate-limiting step that converts DGLA to AA. DGLA treatment also greatly promoted 8-HOA formation to a threshold level in D5D*-KD* cells (\> 0.5 nmol/10^6^ cells, dash line in [Fig. 1](#f0005){ref-type="fig"}**B,** [@bib36], [@bib37]), whereas the 8-HOA level in *wt*-D5D cells was unable to reach the threshold level during a 48 h incubation due to the much lower ratio of DGLA/AA available for COX-2 peroxidation.Fig. 1D5D-*KD* and DGLA treatment promoted 8-HOA formation and inhibited BxPC-3 cell growth. **(A)** Western blot and relative expression level of D5D in *wt*-D5D and D5D-*KD* BxPC-3 cells (loading control: β-actin). The ratio of D5D to β-actin in the control was normalized; **(B)** Left: LC/MS quantification of DGLA/AA ratio from cell medium containing 1.0 × 10^6^ of *wt*-D5D and D5D-*KD* BxPC-3 cells after DGLA treatment (100 μM), and Right: GC/MS quantification of 8-HOA from cell medium containing 1.0 × 10^6^ of *wt*-D5D and D5D-*KD* BxPC-3 cells after DGLA treatment (100 μM). The dashed line indicates the threshold level of 8-HOA; **(C)** Colony formation and calculated survival fraction of *wt*-D5D and D5D-*KD* BxPC-3 cells 10 days after DGLA treatment (100 μM for 48 h). The survival fractions for control groups were normalized to 100%; and **(D)** Apoptosis analysis (Annexin V-FITC/PI double staining) of *wt*-D5D and D5D-*KD* BxPC-3 cells after DGLA treatment (100 μM for 48 h). All the quantification data represent mean ± SD with at least three separate experiments. \*: significant difference *vs*. control with p \< 0.05.Fig. 1

The promoted 8-HOA from DGLA significantly inhibited colony formation in D5D*-KD* cells (the surviving fraction was 72.9% *vs.* 100% in control), but had no inhibitory effect on *wt*-D5D cells (surviving fraction 97.9%, [Fig. 1](#f0005){ref-type="fig"}**C**). Promoted formation of 8-HOA in D5D*-KD* cells also induced apoptosis, as demonstrated by annexin V-FITC/PI staining (population of early apoptotic cells 9.16% *vs.* 3.61% in the control, [Fig. 1](#f0005){ref-type="fig"}**D**), while no such effect was observed in *wt*-D5D cells with their low 8-HOA formation.

3.2. DGLA and D5D*-KD* enhanced gemcitabine\'s efficacy in BxPC-3 cells {#s0075}
-----------------------------------------------------------------------

Gemcitabine, a nucleoside analog, has been used as the most common chemotherapy drug to treat pancreatic cancer. However, resistance to gemcitabine has been a major obstacle for pancreatic cancer therapy. Here gemcitabine alone inhibited D5D-*KD* BxPC-3 cell growth with a survival fraction at 50.9% (*vs.* 100% in the control), while DGLA (100 μM) as a co-treatment, promoting 8-HOA formation, further increased gemcitabine\'s cytotoxicity to D5D-*KD* cells (survival fraction 32.4%, [Fig. 2](#f0010){ref-type="fig"}**A**). Gemcitabine treatment alone induced apoptosis in D5D-*KD* cells (population of early apoptotic cells 12.6% *vs*. 3.61% in control, [Fig. 2](#f0010){ref-type="fig"}**B**), while concurrent DGLA treatment (100 μM) further promoted gemcitabine-induced apoptosis in D5D-*KD* cells (17.2%). However, DGLA treatment had no influence on gemcitabine\'s cytotoxicity on *wt*-D5D cells as the threshold level of 8-HOA could not be reached ([Fig. 1](#f0005){ref-type="fig"}B).Fig. 2Promoted 8-HOA formation improved gemcitabine\'s cytotoxicity in D5D-*KD* BxPC-3 cells. **(A)** Colony formation and calculated survival fraction of *wt*-D5D and D5D-*KD* BxPC-3 cells 10 days after DGLA (100 μM) and/or gemcitabine (0.1 μM) treatment. The survival fractions for control groups were normalized to 100% (\*: significant difference with p \< 0.05); **(B)** Apoptosis analysis (Annexin V-FITC/PI double staining) of *wt*-D5D and D5D-*KD* BxPC-3 cells at 48 h after DGLA (100 μM) and/or gemcitabine (0.1 μM) treatment (\*: significant difference *vs.* control with p \< 0.05, \#: significant difference *vs*. gemcitabine treatment group with p \< 0.05). All the quantification data represent mean ± SD with at least three separate experiments.Fig. 2

3.3. DGLA supplementation promoted 8-HOA formation in D5D-*KD* xenograft tumors {#s0080}
-------------------------------------------------------------------------------

In order to investigate the anti-tumor effect from COX-2-catalyzed DGLA peroxidation, immuno-deficient mice were implanted with BxPC-3 cells or their D5D-*KD* counterpart, and subjected to 4-week treatments of vehicle control, DGLA ethyl ester, gemcitabine alone or a combination of DGLA ethyl ester and gemcitabine. Expression levels of D5D in tumor tissues of the mice after different treatments were assessed by immunofluorescence in order to confirm shRNA-knockdown efficiency. Regardless of treatment, D5D*-KD* tumors had significantly lower D5D expression than *wt*-D5D tumors ([Fig. 3](#f0015){ref-type="fig"}**A**). COX-2 levels in all tumors were also assessed, and D5D-*KD* and all other treatments had no influence on the COX-2 levels ([Fig. 3](#f0015){ref-type="fig"}A).Fig. 3D5D-*KD* suppressed DGLA conversion and promoted 8-HOA formation in tumors. **(A)** Left panel, representative immunofluorescence images for COX-2 and D5D expression in *wt*-D5D and D5D-*KD* tumor tissues; COX-2 was stained in green, D5D was stained in pink, cell nuclei were counterstained with DAPI. Right panel, mean intensity of COX-2 and D5D; **(B)** LC/MS quantification of DGLA levels from tumor tissues; **(C)** LC/MS quantification of DGLA/AA ratio from tumor tissues. The dashed line indicates the basal level of DGLA/AA in tumors without DGLA supplementation; **(D)** GC/MS quantification of 8-HOA from tumor tissues. The dashed line indicates the threshold level of 8-HOA in D5D-*KD* tumors; and **(E)** LC/MS quantification of PGE2 from tumor tissue. All the quantification data represent mean ± SD with six tumor samples. \*: significant difference with p \< 0.05.Fig. 3

The levels of DGLA and the ratio of DGLA/AA in tumors from experimental animals were measured by HPLC/MS. Without DGLA supplementation, there was no difference in DGLA levels or DGLA/AA ratios in tumors between the vehicle control and gemcitabine treatment groups; only basal levels of DGLA (\~ 0.5--0.7 µg/g, [Fig. 3](#f0015){ref-type="fig"}**B**) and DGLA/AA (\~ 0.15--0.18, [Fig. 3](#f0015){ref-type="fig"}**C**) formed in tumors from both control and gemcitabine treatment groups.

In the mice that had 4 weeks of DGLA supplementation, the DGLA level significantly increased (\~ 1.4--1.5 µg/g, [Fig. 3](#f0015){ref-type="fig"}B) in *wt*-D5D tumors, while the DGLA/AA ratio remained similar to the basal level (\~ 0.12--0.13, [Fig. 3](#f0015){ref-type="fig"}C). The effective conversion of DGLA to AA in *wt*-D5D tumors is responsible for the unchanged ratio of DGLA/AA in mice with DGLA supplementation. On the other hand, in D5D-*KD* tumors from mice with 4 weeks of DGLA supplementation, not only was the DGLA level greatly elevated (\~ 2.4--2.6 µg/g, [Fig. 3](#f0015){ref-type="fig"}B), but also the ratio of DGLA/AA increased significantly compared to all other groups (\~ 0.25--0.28, dash line in [Fig. 3](#f0015){ref-type="fig"}C).

Consistently, in the mice without DGLA supplementation, only basal levels of 8-HOA were formed in both *wt*-D5D and D5D-*KD* tumors (under the detection limit, [Fig. 3](#f0015){ref-type="fig"}**D**). However, there were significantly increased levels of 8-HOA (\~ 0.5 µg/g) in D5D-*KD* tumors *vs. wt*-D5D tumors (\< 0.14 µg/g, [Fig. 3](#f0015){ref-type="fig"}D) from the mice with DGLA supplementation. Although DGLA supplementation also increased the level of PGE2 in all tumors, much lower amounts of PGE2 were detected in D5D-*KD* tumors than in *wt*-D5D tumors (\~ 3.4 *vs*. \~ 6.1 µg/g, [Fig. 3](#f0015){ref-type="fig"}**E**). Since both ω-6s are COX-2 substrates, the DGLA/AA ratio is more critical than the absolute DGLA level in ensuring that ω-6s are metabolized in tumors in a way that reaches a threshold level of 8-HOA (\~ 0.3 µg/g, dashed line in [Fig. 3](#f0015){ref-type="fig"}D) for executing its anti-cancer effects.

3.4. Inhibition of D5D-*KD* xenograft tumor growth by promoted formation of 8-HOA {#s0085}
---------------------------------------------------------------------------------

The tumor sizes of experimental animals were measured twice a week. Four weeks of DGLA supplementation did not affect the growth of *wt*-D5D tumors ([Fig. 4](#f0020){ref-type="fig"}**A)**, consistent with the low level of 8-HOA in *wt*-D5D tumors ([Fig. 3](#f0015){ref-type="fig"}D). On the other hand, DGLA supplementation resulted in significantly reduced tumor size and growth rate ([Fig. 4](#f0020){ref-type="fig"}**B)**, associated with the formation of 8-HOA at greater than the threshold level in D5D-*KD* tumors. About a 30% reduction of D5D-*KD* tumors in mice fed a diet with DGLA supplementation was achieved compared to the *wt*-D5D tumor control group ([Fig. 4](#f0020){ref-type="fig"}A).Fig. 4Effect of DGLA supplementation on BxPC-3 xenograft tumor growth. **(A)** Measured *wt*-D5D tumor size during the 4-week treatment (vehicle control, DGLA, gemcitabine, or DGLA+ gemcitabine, 6 mice per treatment group) and photos of tumor tissues at the end of the treatment; **(B)** Measured D5D-*KD* tumor size during the 4-week treatment and photos of tumor tissues at the end of the treatment. \*: significant difference *vs.* corresponding control with p \< 0.05, \#: significant difference *vs.* single treatment with p \< 0.05.Fig. 4

Gemcitabine inhibited tumor growth in both the *wt*-D5D group and the D5D-*KD* group ([Fig. 4](#f0020){ref-type="fig"}A-B), while DGLA supplementation only affected the D5D-*KD* tumor size (\~ 90.2 ± 43.1 mm^3^, [Fig. 4](#f0020){ref-type="fig"}B), giving similar or slightly improved anti-tumor effects *vs*. gemcitabine treatment for *wt*-D5D tumors (\~86.9 ± 34.4 mm^3^, [Fig. 4](#f0020){ref-type="fig"}A). Co-treatment with DGLA and gemcitabine led to a greater reduction in D5D-*KD* tumors (37.7 ± 20.4 mm^3^, [Fig. 4](#f0020){ref-type="fig"}B).

3.5. Effect of D5D-*KD* and DGLA supplementation in tumor proliferation and apoptosis {#s0090}
-------------------------------------------------------------------------------------

Immunofluorescence studies were also conducted to test whether our strategy could inhibit tumor proliferation and induce apoptosis. DGLA supplementation did not have any influence on the expression of Ki-67 (proliferation marker) in *wt*-D5D tumors compared to the control group, whereas treatment with gemcitabine as well as the combination of gemcitabine and DGLA supplementation led to significantly less expression of Ki-67 ([Fig. 5](#f0025){ref-type="fig"}**A**). On the other hand, DGLA supplementation resulted in significantly decreased expression of Ki-67 in D5D-*KD* tumors compared to the vehicle control (*i.e*., the percentage of Ki-67 positive cells, \~ 58.1% *vs*. 80.6%). In addition, while gemcitabine alone suppressed tumor proliferation, the combination of DGLA supplementation and gemcitabine in D5D-*KD* tumors resulted in even less expression of Ki-67.Fig. 5Effect of D5D-*KD* and DGLA in BxPC-3 xenograft tumor proliferation and apoptosis. **(A)** Representative images and quantification for Ki-67 expression in tumor tissues. Ki-67 were stained in yellow, cell nuclei were counterstained with DAPI; **(B)** Representative images and quantification for cleaved PARP expression in tumor tissues. Cleaved PARP expression was stained in red, and cell nuclei were counterstained with DAPI; and **(C)** Western blot and relative protein expression levels of bcl-2, procaspase 3, procaspase 9, acetyl histone H3 and γH2AX in tumor tissues. β-actin served as a loading control. The ratio of each protein to β-actin in the controls was normalized to 1. All the quantification data represent mean ± SD with six tumor samples. \*: significant difference *vs.* control with p \< 0.05.Fig. 5

The expression of cleaved PARP (tumor apoptotic marker) was examined by immunofluorescence analysis as well. In *wt*-D5D tumors, DGLA supplementation did not induce apoptosis, thus gemcitabine and the combination (gemcitabine and DGLA supplementation) led to similar levels of tumor apoptosis ([Fig. 5](#f0025){ref-type="fig"}**B**). On the other hand, for D5D-*KD* tumors, DGLA supplementation induced apoptosis to a level similar to that of gemcitabine treatment. The combination of DGLA supplementation and gemcitabine resulted in even more apoptosis in D5D-*KD* tumors ([Fig. 5](#f0025){ref-type="fig"}B).

We also conducted western blotting to investigate the molecular mechanisms. In *wt*-D5D tumors, DGLA supplementation had no effect on expression of apoptotic proteins or acetyl histone H3 ([Fig. 5](#f0025){ref-type="fig"}**C**). However, in D5D-*KD* tumors, DGLA supplementation resulted in significantly decreased expressions of Bcl-2 (anti-apoptotic protein), procaspase-9 and procaspase-3, representing activation of the p53-independent cell/tumor apoptotic pathway ([Fig. 5](#f0025){ref-type="fig"}C). DGLA supplementation also resulted in accumulation of acetyl histone H3 and γH2AX in D5D-*KD* tumors, which is consistent with our previous *in vitro* experiments [@bib36], [@bib37]. Our studies confirmed that the promoted formation of 8-HOA in D5D-*KD* cells could suppress cancer cell/tumor growth *via* inhibiting HDAC and damaging DNA. In comparison, in *wt*-D5D tumors, DGLA supplementation alone failed to activate apoptosis, with no changed HDAC activity, as 8-HOA never reached the threshold level.

3.6. DGLA supplementation suppressed metastasis potential in D5D-*KD* tumors {#s0095}
----------------------------------------------------------------------------

Previous studies have demonstrated that D5D-*KD* and DGLA can suppress cancer cell migration and invasion in BxPC-3 cells. Here the tumors from the *wt*-D5D and D5D-*KD* groups were tested *via* immunofluorescence for expression of protein markers that play important roles in cancer metastasis. DGLA supplementation had no influence on the expression of MMP-2 (marker for tumor metastasis) in *wt*-D5D tumor tissues compared to the control group. However, DGLA supplementation resulted in a significantly increased expression of MMP-2 in D5D-*KD* tumors *vs*. the vehicle control ([Fig. 6](#f0030){ref-type="fig"}**A**). Further decreased expression of MMP-2 was observed in D5D-*KD* tumors treated with the combination of DGLA and gemcitabine, while in *wt*-D5D tumors, the combination did not further downregulate MMP-2 expression.Fig. 6Immunofluorescence analysis of MMP-2 and E-cadherin expression in tumor tissues. **(A)** Representative images and quantification for MMP-2 expression in tumor tissues. MMP-2 were stained in red, cell nuclei were counterstained with DAPI; **(B)** Representative images and quantification for E-cadherin expression in tumor tissues. E-cadherin were stained in green, and cell nuclei were counterstained with DAPI. All the quantification data represent mean ± SD with six tumor samples. \*: significant difference with p \< 0.05.Fig. 6

DGLA supplementation did not alter the level of E-cadherin in *wt*-D5D tumors, while in D5D-*KD* tumors, DGLA supplementation significantly upregulated expression of E-cadherin ([Fig. 6](#f0030){ref-type="fig"}**B**). Further increased expression of E-cadherin was observed in D5D-*KD* tumors co-treated with DGLA and gemcitabine, while in *wt*-D5D tumors, the combination did not further upregulate E-cadherin.

4. Discussion {#s0100}
=============

There is currently no cure for pancreatic cancer as it is hard to detect at early stage, usually not treatable by surgery and radiation, and resistant to chemotherapy drugs. We previously reported that DGLA treatment along with D5D knockdown in various types of cancer cell lines (including pancreatic cancer) led to promoted formation of 8-HOA (an HDAC inhibitor) from COX-2-catalyzed DGLA peroxidation, which in turn inhibited cancer cell growth, migration, and invasion [@bib36], [@bib37]. In this study, we further investigated the anti-tumor effect of D5D-*KD* combined with a DGLA supplementation strategy, as well as the novel COX-2 biology concept, in xenograft tumors bearing shRNA-transfected BxPC-3 cells targeting D5D.

Consistent with previous *in vitro* experiments [@bib36], [@bib37], we observed that DGLA treatment inhibited the growth of D5D-*KD* cells by promoting the formation of 8-HOA at a threshold level ([Fig. 1](#f0005){ref-type="fig"}), and significantly improved the efficacy of gemcitabine ([Fig. 2](#f0010){ref-type="fig"}). Similarly, DGLA supplementation promoted the formation of 8-HOA to a threshold level in D5D-*KD* tumors and maintained a higher DGLA/AA ratio for COX-2-catalyzed peroxidation. The ratio seems to be more important than the actual DGLA level for formation of a threshold level of 8-HOA in tumors ([Fig. 3](#f0015){ref-type="fig"}) as both DGLA and AA are COX-2 substrates. DGLA supplementation resulted in the formation of a high level of 8-HOA in an autocrine manner in D5D-*KD* tumors, consequently inhibiting their growth ([Fig. 4](#f0020){ref-type="fig"}).

We also observed that gemcitabine treatment alone significantly inhibited the growth of both *wt*-D5D and D5D-*KD* tumors ([Fig. 4](#f0020){ref-type="fig"}). In *wt*-D5D tumors, concurrent DGLA supplementation and gemcitabine had no improved anti-cancer effects beyond that of gemcitabine alone ([Fig. 4](#f0020){ref-type="fig"}). A two-factor analysis considering gemcitabine and D5D-*KD*/DGLA as the factors ([Supplemental Table 1](#s0105){ref-type="sec"}) was conducted for following four groups: *wt*-D5D tumors vehicle control; *wt*-D5D tumors with gemcitabine only; D5D-*KD* tumors with DGLA supplementation; and D5D-*KD* tumors with a combination of DGLA supplementation and gemcitabine. An additive effect on tumor reduction from the combination was achieved (70% *vs. wt*-D5D tumors). As HDAC inhibitors have been reported to be able to synergistically enhance the anti-cancer activities of various chemo- and targeted-cancer drugs [@bib41], [@bib42], we also plan to combine our new anti-cancer strategy with different anti-cancer reagents for achieving synergistic improvement with 8-HOA. Unlike chemotherapy, which commonly causes drug resistance and/or drug-related toxicity issues, the dosage and duration of DGLA supplementation in our strategy could be readily adjusted and optimized to form the anti-cancer product 8-HOA in an autocrine manner in tumors in order to pursue a safer and better tumor reduction outcome.

The body weight of the mice was also monitored throughout the experiment ([Supplemental Fig. 1](#s0105){ref-type="sec"}). There is no severe toxicity observed from our treatment strategy, as no significant change in body weight was observed among the different groups during the four-week treatment period.

MMP-2 is a protein able to degrade the extracellular matrix in cancer progression, which allows cancer cells to migrate and invade from the primary tumor site. In D5D-*KD* tumors, DGLA supplementation significantly inhibited MMP-2 expression, consistent with the associated high level of 8-HOA but low level of PGE2 ([Fig. 3](#f0015){ref-type="fig"}). E-cadherin plays an important role in epithelial cell adhesion. Down-regulation of E-cadherin expression was observed in the tumor environment, correlating with a strong invasive potential [@bib43]. DGLA supplementation result in a significantly increased level of E-cadherin in D5D-*KD* tumors compared to the vehicle control ([Fig. 6](#f0030){ref-type="fig"}). We have not observed metastasizing tumors anywhere in our xenograft study under the current treatments. Orthotopic tumor models have been already established in our lab for investigating whether spontaneous metastasis can be inhibited by our strategy.

Delivery of therapeutic RNAs to tumors has remained a difficult task due to stability issues of the siRNA products, safety concerns for shRNA vectors, and many other limitations [@bib44]. Therefore, we are now working on employing innovative nano-carriers for specifically delivering D5D-targeting siRNA into pancreatic cancer cells [@bib45]. In addition, instead of using siRNA, we have identified a lead compound as a D5D inhibitor and confirmed that it is much better than many commercial D5D inhibitor molecules not only for inhibiting DGLA to AA, but also showing much greater anti-cancer activity *in vitro* and *in vivo* when concurrently used with DGLA supplementation. In addition, we also designed and synthesized several derivatives based on the lead compound which showed even more potent D5D inhibitory effects. Unfortunately, we are not allowed to release the compound structure and our research data, as we just converted our method/compound from US-provisional patent to a US patent.

In conclusion, our research shows that DGLA supplementation in D5D-*KD* tumors promotes 8-HOA formation from COX-2 catalyzed peroxidation, which in turn regulates histone deacetylation and induces DNA damage, thereby triggering the activation of the cell apoptosis pathway, and leads to inhibition of pancreatic tumor growth. Instead of inhibiting COX-2, we can now take advantage of the high COX-2 expression in cancer cells to promote the formation of the anti-cancer byproduct 8-HOA to suppress pancreatic cancer development. We believe that this novel strategy will lead to better therapeutic effects in pancreatic cancer treatment due to its dual anti-cancer mechanisms, *i.e*., promoting the anti-cancer effect from DGLA while limiting the pro-cancer effect from AA. Our strategy will also be expected to have fewer side effects and safer cancer treatment outcomes, as cancers in general have overexpressed COX-2 levels and much higher fatty acid intake rates than normal cells and tissues [@bib14], [@bib15], [@bib16], [@bib46]. In addition, our proposed strategy of making use of this hallmark of cancer cells to work against the cancer cell itself would provide an excitingly novel insight into cancer therapy and challenge the current paradigm of COX-2 biology in cancer treatment.
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